Despite the gain in sustained virological responses (SVR) provided by protease inhibitors (PIs), failures still occur. The aim of this study was to determine if a baseline analysis of the NS3 region using ultradeep pyrosequencing (UDPS) can help to predict an SVR. Serum samples from 40 patients with previously nonresponding genotype 1 chronic hepatitis C who were retreated with triple therapy, including a PI, were analyzed. Baseline UDPS of the NS3 gene was performed on plasma and peripheral blood mononuclear cells (PBMC). Mutations conferring resistance to PIs were sought. The overall diversity of the quasispecies was evaluated by calculating the Shannon entropy (SE). Resistance mutations were found in plasma and PBMC but were not discriminating enough to predict an SVR. NS3 quasispecies heterogeneity was significantly lower at baseline in patients achieving an SVR than in those not achieving an SVR (SE of 26.98 ؎ 16.64 ؋ 10 ؊3 versus 44.93 ؎ 19.58 ؋ 10 ؊3 , P ‫؍‬ 0.0047). With multivariate analysis, the independent predictors of an SVR were fibrosis of stage F <2 (odds ratio [OR], 13.3; 95% confidence interval [CI], 1.25 to 141.096; P < 0.03) and SE below the median (OR, 5.4; 95% CI, 1.22 to 23.87; P < 0.03). More than the presence of minor mutations at the baseline in plasma or in PBMC, the NS3 viral heterogeneity determined by UDPS is an independent factor for an SVR in previously treated patients receiving triple therapy that includes a PI.
I
n the treatment of patients with chronic hepatitis C of genotype 1, the addition of a protease inhibitor (PI) (boceprevir [BOC] or telaprevir [TPV] ) to pegylated interferon alpha (PegIFN-␣) and ribavirin (RBV) has increased the rate of sustained virological responses (SVR) compared to that with dual therapy (PegIFN-␣/ RBV), both in naive and treatment-experienced patients (1) (2) (3) (4) . The role of the PIs is crucial, and failures of triple therapy are mainly due to mutations in the viral NS3 protease gene (5) . Mutations are favored by the high rate of error of the hepatitis C virus (HCV) RNA-dependent RNA polymerase, estimated to be between 10 Ϫ3 to 10 Ϫ5 per copied base pair (6) , combined with the high rate of viral replication (up to 1 ϫ 10 12 particles produced per day) (7) , resulting in one mutation for every genome copied (8) . Consequently, the large number of viral quasispecies generated constitutes a reservoir for the emergence of resistant strains. The early appearance (Ͻ15 days) of resistance mutations in patients treated with PIs alone strongly suggests that quasispecies harboring drug resistance mutations preexist at low frequencies (9) . PIresistant mutations have been detected as the majority strain in blood of 2% to 19% of patients before treatment, according to the study and the number of mutations considered (10) (11) (12) (13) (14) (15) . The association between these mutations found in plasma and the failure of triple therapy is not clear. Moreover, data on other compartments such as peripheral blood mononuclear cells (PBMC) are lacking.
Next-generation sequencing (NGS) technologies have demonstrated their ability to detect minority variants in some patients at baseline (16) or very shortly after the onset of therapy (17) . Additionally, this approach allows the assessment of more macroscopic parameters that reflect the overall diversity of viral populations, such as the Shannon entropy (SE). We hypothesized that such fine analysis might be useful in the search for virological predictors of responses to antiviral drugs.
Therefore, the aims of this study were to comprehensively analyze the NS3 protease viral region in plasma and PBMC using an NGS technology, the 454 Roche ultradeep pyrosequencing (UDPS) platform, and to assess its impact on clinical outcomes of patients, including responses to triple therapy.
MATERIALS AND METHODS

Patients.
Patients with a chronic HCV genotype 1 infection consecutively seen at Grenoble University Hospital between January 2011 and May 2012 for an indication of triple combination therapy, including PegIFN-␣/RBV and BOC or TPV, were considered for inclusion. The main inclusion criterion was failure of a previous optimal course of PegIFN-␣/RBV dual therapy. The exclusion criteria were age under 18 years, other chronic liver disease, HIV or hepatitis B virus (HBV) coinfections, and alcohol consumption of Ͼ50 g/day. Patients who stopped triple therapy early for any reasons other than virological breakthrough or according to the stopping rules were also excluded. The treatment schedules and stopping rules followed the guidelines of the French Association for the Study of the Liver (18) . The choice between a TPV-and a BOC-based regimen was at the investigator's discretion. A total of 25 patients had a lead-in phase, because some patients treated with TPV required this to evaluate their tolerance to dual therapy. In these cases, baseline samples correspond to samples taken on the day the triple therapy began.
No nonstandard investigations were performed for the purpose of this study, which conformed to local ethical considerations (including written consent from patients for the use of samples for research purposes and the sample use license granted by the Ministry of Education and Research) and the principles outlined in the Declaration of Helsinki.
Routine laboratory tests. Conventional laboratory monitoring was part of the therapeutic management of these patients. IL28B was determined using the LightMix kit IL28B TIB Molbiol (Roche Diagnostics, Meylan, France), HCV genotyping was performed using bidirectional Sanger sequencing (19) , and fibrosis staging was performed using either FibroScan (Echosens, Paris, France), FibroTest (Biopredictive, Paris, France), or liver biopsy specimens interpreted by an expert pathologist. Interferon gamma-inducible protein 10 (IP10) values were determined with the human IP10 enzyme-linked immunosorbent assay (ELISA) set (BD Biosciences, San Diego, CA, USA). Monitoring of the HCV RNA viral load using the Cobas AmpliPrep/Cobas TaqMan HCV quantitative test v2.0 (Roche Diagnostics) was done at week (W) 0, W2, W4, W8, W12, W16, W24, W36, W48, W60, and W72. Plasma and PBMC samples were collected and stored at Ϫ80°C at each visit.
HCV NS3 UDPS sample preparation and sequencing. EDTA samples were centrifuged for 20 min at 3,000 rpm. PBMC were isolated with Lymphoprep (Axis-Shield; Abcys, Paris, France). HCV RNA was extracted from cells using a QIAamp viral RNA minikit (Qiagen, Courtaboeuf, France) with an elution volume of 50 l. HCV RNA was extracted from 1 ml of plasma using EasyMAG (bioMérieux, Marcy l'Étoile, France) with an elution volume of 25 l. Extracted RNA (15 l) was purified using Turbo DNase Ambion (Life Technologies, Cergy Pontoise, France), and cDNA was synthesized with the AccuScript high-fidelity kit (Agilent, Garches, France) using random primers.
For UDPS, the 454 GS Junior platform was used (Roche Diagnostics). The main part of HCV NS3 protease (nucleotides [nt] 3483 to 3982 according to reference HCV strain H77, i.e., amino acids 23 to 188) was amplified using Phusion Hot Start II (Finnzyme, Illkirch, France). For both 1a and 1b subtypes, the forward primers were a sample-specific multiplex identifier (MID) sequence and the HCV-specific sequence (5=-AC WGGYCGRGAYARRAAYCA-3=). The reverse primers comprised a matched sample-specific MID sequence and the HCV-specific sequence (5=-GARTTRTCYGWRAASACYGGRGA-3=). The PCR cycling conditions were initial denaturation at 98°C for 30 s followed by 50 cycles of denaturation at 98°C for 5 s, annealing at 58°C for 15 s and elongation at 72°C for 20 s with a final step of extension at 72°C for 5 min. The amplification efficacy was assessed using the Agilent DNA 1000 reagent kit and the Agilent 2100 expert bioanalyzer (Agilent, Les Ulis, France). The expected amplicon were obtained in plasma samples for all the patients and in PBMC for 18 patients out of 40 (45%). The amplicons were pooled equimolarly and purified using Agencourt AMPure XP reagents (Beckman Coulter, Roissy, France). A library on the amplicon pool was prepared using the GS Junior rapid library prep kit. An emulsion PCR was run with the GS Junior emPCR (Lib-L) kit. Sequencing was performed with a 454 GS Junior PicoTiterPlate to a target depth reading of 1,000ϫ. Files were sent to Genostar for data analysis. A mean of 1,070 Ϯ 51 (median, 890) reads per nucleotide was obtained with a median length of 457 nt.
Sensitivity of UDPS for mutation detection. A synthetic HCV NS3 protease RNA was transcribed from a TOPO TA plasmid carrying the HCV subtype 1a NS3 protease gene obtained by direct cloning of the NS3 amplicon (nucleotides 3483 to 3982 according to the reference HCV strain H77) of a chronic hepatitis C patient, according to the technical recommendations for TOPO TA cloning (Invitrogen/Life Technologies) and using the MEGAscript T7 kit and Turbo DNase (Ambion/Life Technologies). UDPS mutation analysis of this transcript showed a maximum mutation rate of 0.81% (22/2,725 reads) at amino acid position 39 (nt 115 of the amplicon), the second rate was 0.5% (13/2,719 reads), and the mutation rate fell rapidly below 0.3% with a total mean rate of 0.17% Ϯ 0.09%. Based on these observations, the limit of detection of mutations was set at 1% for this study.
Mutation analysis. Trimming, assembly, and single nucleotide polymorphism (SNP) calling were performed with CLC Genomics Work- bench alignment software (CLC bio, Aarhus, Denmark). Reads belonging to a specific patient and time point were separated based on the samplespecific MID. Low-quality bases and failed reads were removed by trimming with classical parameters (minimum Phred score of Q20, minimum size of 50 nt, no ambiguous nucleotide allowed). Trimmed reads were aligned with the HCV reference strain H77 for each clinical specimen. Reads were accepted if more than half of the read length matched, with at least 80% sequence identity. Based on the above criteria, reads with Ն80% bases matching a particular position of the reference sequence were aligned. Each position of the viral genome was assigned a coverage depth, representing the number of times the nucleotide position, was sequenced. Genetic variability analysis. The extent of viral quasispecies was evaluated by analyzing the genetic complexity of the NS3 protease gene based on the number of different sequences present in the population. Genetic complexity was determined by Shannon entropy values as described in reference 20,
where n is the number of different species identified, fi is the observed frequency of the particular variant in the quasispecies, and N is the total number of nucleotides studied (457 in this study). Only species detected with a minimum of 10 reads and a frequency of Ͼ0.1% were taken into account. Statistical comparisons of complexity were made using the Mann-Whitney U test, and its reproducibility was assessed using 19 plasma samples analyzed in two different runs. The intrapatient stability of this parameter in the absence of treatment was assessed in 10 patients using plasma samples collected in the 3 years preceding treatment.
Multivariate and assignment analysis to study compartmentalization between plasma and peripheral blood mononuclear cells. For each patient, the genetic structure of the viral population was analyzed using phylogenetic and multivariate data analysis methods. A multiple-sequence alignment combining PBMC and plasma HCV RNA samples was built with MAFFT software and the FFT-NS-2 method for large alignments (21) . Multidimensional analysis was performed with the R computer package (R Core Team 2012, Vienna, Austria) after removal of RNA sites exhibiting Ͼ2% gaps. Principal component analysis was used to display a two-dimensional representation of the viral population genetic Monitoring of the previous dual therapy is represented with the squares and blue lines, whereas triple therapy is represented with the circles and pink lines. In their second line of treatment, patient 27 was treated by a triple therapy, including TPV and patient 37 received 4 weeks of dual therapy before the addition of BOC. For patient 37, D0 corresponds to the beginning of the lead-in phase. Mutations found using UDPS at different points and their percentages are indicated with arrows. Dual therapy was stopped at W24 and triple therapy at W12 for the two patients according to the stopping rules. data set. To test for compartmentalization in the viral sequences from the two sources of HCV RNA, Wilks' lambda, a statistic used in multivariate analysis of variance, was evaluated based on the combination of genotypes. In addition, linear discriminant analysis was used to evaluate the rate of misclassification for PBMC and plasma samples (22) .
Statistical analysis. Results are expressed as mean values and ranges (minimum and maximum) or standard deviations. Baseline values were compared using the Mann-Whitney U test. Independent predictors of SVR were identified by multivariate analysis using logistic regression. The analysis was performed using SPSS 19.0 software.
RESULTS
Characteristics of patients.
Forty patients were included in the study. Their characteristics are shown in Table 1 . Overall, this was a difficult-to-treat population with 45% null responders and 78% of patients with stage F3 or F4 fibrosis. An SVR was achieved in 22 patients (55%) with a nonsignificant trend toward a better response in genotype 1b (67%) than in 1a (42%). Among the 18 patients who did not achieve an SVR, 14 were nonresponders with therapy stopped at W4 in 1 patient (viral load of Ͼ1,000 IU/ml), at W8 in 4 patients due to viral rebound, at W12 in 8 patients (viral load of Ͼ1,000 IU/ml, corresponding to rebound in 3), and at W24 in 1 patient (HCV RNA detectable). Mutations conferring resistance to PIs were detected by Sanger sequencing in all but 1 patient at the time of viral rebound. Other treatment failures corresponded to relapse observed in 4 patients (patients [P] 23, 28, 31, and 34) in whom no resistance was documented at the time of relapse.
Impact of baseline mutations in plasma on the response to triple therapy. UDPS of NS3 protease detected the presence of mutations above the significance threshold (fixed at 1% of the total viral population) in 5 patients with genotype 1a and 3 with genotype 1b. Among these 8 patients, 4 achieved an SVR and 4 did not (Fig. 1) . In 2 SVR patients who were previously null responders (P6 and P12) and in a relapser (P17), the mutations R155G, T54S, and V36M, respectively, were found as the major strains. All patients were retreated with a TPV-based triple combination therapy and achieved undetectable HCV RNA by W8.
Mutations M175L, T54S plus R155K, and T54S were also found as major strains in 3 nonresponding patients (P24, P27, and P37, respectively). Two were previously partial responders and 1 was a null responder to PegIFN-␣/RBV therapy. One of them (P37) was retreated with BOC-based triple therapy; the T54S mutation was still detected in plasma at the end of the lead-in phase, while HCV RNA declined by 1.7 log. Viral load monitoring of previous dual therapy was retrieved for 2 patients (P27 and P37). Figure 2 presents the viral kinetics obtained with dual and triple therapy. The HCV RNA declines were very similar between the two lines of treatment for patient 37, whereas a more pronounced decline was observed for patient 27, followed rapidly by a viral rebound at week 12. These results highlight the lack of efficacy of the added PI for these patients. We should note that three patients (P12, P29, and P37) presenting mutations at a rate of Ͼ1% received a lead-in phase, and the mutations detected at day 0 were always already present before the initiation of the dual-therapy phase.
Mutations at baseline in PBMC. UDPS was performed at baseline in PBMC from 18 patients, including 9 SVR and 9 non-SVR patients. For SVR patients, the mutation T54S was found as the major strain in cells in patient 12 and also in plasma (Table 2) . Mutation frequencies of Ͼ1% were also detected in PBMC of 2 additional patients (P1 and P29). T54S was detected at 1.3% in PBMC of patient 1 but not in the corresponding plasma sample despite good coverage of NS3. Interestingly, in patient 29, the combined mutations V36M (8.0%) plus T54S (4.5%) plus R155K (16.9%) initially found in PBMC and at a very low level (0.6%) for Compartmentalization of NS3 quasispecies between plasma and PBMC. In order to further address the compartmentalization of NS3 quasispecies between plasma and PBMC, a linear discriminant analysis was performed for the 18 samples in which UDPS results were available for both compartments at baseline. The outputs of the principal component analysis clearly showed that PBMC and plasmatic NS3 protease sequences were segregated within each patient (Wilks' lambda test with Bonferroni's correction, P Ͻ 10EϪ7) (Fig. 3) . When each sequence was assigned as PBMC or plasma using linear discriminant analysis, the misclassification rates were low (mean of 5.7% Ϯ 5.5%). No significant difference in compartmentalization was observed between SVR and non-SVR patients.
Repertoire diversity evaluation using Shannon entropy measurement. We then took advantage of the UDPS technique to assess the overall genomic complexity of NS3, estimated by calculating the SE from frequencies of nucleotide substitutions measured at each position. The reproducibility of the assay was first assessed in 19 plasma samples analyzed in two different runs. The correlation coefficient was 0.84 (Fig. 4A) , which was highly significant (P ϭ 0.0001). Spontaneous variations over time were then analyzed in 10 plasma samples collected within a median time of 11.5 months (range, 3 to 28 months) before the start of triple therapy. The results demonstrated satisfactory intrapatient stability of the SE with a correlation coefficient of 0.56 (Fig. 4B ) (P ϭ 0.006). Moreover, SE calculated on 20 pairs of samples taken at the beginning of the lead-in phase and at the beginning of the triple therapy showed a correlation coefficient of 0.70646. Taken together, these results suggest that the overall genomic complexity estimated by SE is a robust parameter characterizing NS3. Then, we searched for relationships between SE and the clinical and virological characteristics of patients. No significant correlation was found with the viral subtype, viral load, or duration or severity of the disease. In contrast, a significant relationship was found with the response to the triple therapy. Indeed, SE at baseline was significantly lower in patients achieving an SVR than in nonresponders (26.98 Ϯ 16.64 ϫ 10 Ϫ3 versus 44.93 Ϯ 19.58 ϫ 10 Ϫ3 , P ϭ 0.0047) (Fig. 4C) . As shown in Fig. 4D , this difference persisted after stratification on the profile of the response to previous dual PegIFN-␣/RBV therapy. The same difference was found in PBMC, with mean SE of 17.62 Ϯ 8.61 ϫ 10 Ϫ3 in responding patients (n ϭ 9) and 32.22 Ϯ 13.13 ϫ 10 Ϫ3 in nonresponding patients (n ϭ 9) (P ϭ 0.0152).
Predictors of response to triple therapy. Finally, the ability of UDPS to provide predictive factors of response to the triple therapy at baseline along with more conventional predictors was evaluated. As shown in Table 3 , a low IP10 concentration was associ- ated with SVR, whereas a nonsignificant trend was observed for a fibrosis stage of less than F3 versus F0, F1, or F2, genotype 1b versus 1a, and relapse versus partial response and null response to previous PegIFN-␣/RBV therapy. From the UDPS results, the detection of baseline NS3 mutations had no impact on the response to treatment, while the SE value was associated with SVR. With multivariate analysis, the independent predictors of an SVR were fibrosis stage of F2 or lower (odds ratio [OR], 13.3; 95% confidence interval [CI], 1.25 to 141.096; P Ͻ 0.03) and SE value below the median, i.e., 0.03171 (OR, 5.4; 95% CI, 1.22 to 23.87; P Ͻ 0.03).
DISCUSSION
The failure of triple therapy with PegIFN-␣/RBV and BOC or TPV in patients previously not responding to dual therapy is mainly associated with the emergence of PI-resistant variants (1, 4, 5, 23) . The previous profile of response was one of the main predictive factors of an SVR to triple therapy but reflects only the lack of efficacy of PegIFN-␣/RBV in these patients. We hypothesized that a fine analysis of the NS3 region using UDPS might provide pertinent additional information to better understand the sensitivity of the virus to the added PI. The main finding of our study is that the overall genomic complexity of NS3 protease estimated by SE is an independent predictor of SVR in patients in whom PegIFN-␣/ RBV dual therapy previously failed, whatever their previous profiles of viral load decline. The SE appeared as a robust parameter, because it had good reproducibility in the same sample between experiments and in the same patient over time. The calculation of SE to evaluate HCV gene diversity has already been used to study virus evolution (20, (24) (25) (26) (27) . Its reduction after 1 week of treatment was also reported to be predictive of the response to PegIFN-␣/RBV dual therapy (20) . A greater baseline quasispecies complexity of the hypervariable region 1 has also been described in patients who did not respond to dual therapy at W12, but no link was found with an SVR (28) (29) (30) (31) . Therefore, it might be hypothesized that a viral population with a greater complexity and heterogeneity stands up better under antiviral pressure, especially with direct antiviral agents, with a greater probability of developing mutations that drive treatment failure.
The use of this broad parameter is of particular interest since the detection of pretherapeutic point mutations, whatever their rate, does not seem sufficient to predict an SVR. We confirm in our study the detection of PI-resistant variants at baseline in both SVR and non-SVR patients as already reported by others using either population sequencing assays or NGS (10, 15, 17, 23, (32) (33) (34) . Nevertheless, the association between these mutations and the profile of viral load decrease in dual therapy might also be of importance (35, 36) . As suggested by Trimoulet et al. (16) , in our study the mutation R155K was also present at baseline in 3 nonresponding patients (twice in plasma samples and once in PBMC) but was not found in any SVR patient. Moreover, we present here two cases of null responder patients, for whom the addition of a PI did not alter the viral kinetics, suggesting that resistance to PI was already conferred at baseline by the major mutations found (T54S plus R155K for P27 and T54S for P37). Moreover, such previsions might be undermined by the fact that IFN sensitivity can vary from one treatment to another (37) .
As recently demonstrated by the description of PI-resistant variants in the liver of naive patients, the investigation of HCV replication compartments may also be of interest (38) . We found one case of mutations that were present in PBMC but not at Ͼ1% in plasma before treatment and that emerged during viral rebound in a nonresponding patient. However, mutations were also found in PBMC of a patient who responded to triple therapy, rending this parameter difficult to exploit. Nevertheless, we confirmed, using UDPS, the existence of a compartmentalization of viral strains between plasma and PBMC with two distinct populations and some common sequences, suggesting a possible interaction between the two compartments and the liver compartment. These data associated with the detection in plasma of mutations at 24 h or 48 h of treatment under monotherapy and not detected at baseline (17) , might suggest the preexistence of drug-resistant variants generated in the liver and present at very low levels in plasma, not detectable even using NGS technologies. Therapeutic pressure encourages their growth and renders them detectable in blood by NGS in a few days. As PBMC are easier to collect than liver biopsy specimens, one can speculate that they might be an intermediate reservoir for these mutated strains (39) (40) (41) .
The first limitation of our study is the small number of patients included, resulting in low statistical power to identify the predictors of SVR. For example, the profile of response to dual therapy, which is known to have a major impact on the SVR rate to triple therapy, was not a significant predictor. Thus, our study cannot rule out the possibility that the preexistence of major resistant variants in a null-responder population might decrease the overall probability of an SVR. However, to our knowledge, no other study has reported the use of NGS on a larger number of patients. The second limitation is directly linked to the use of first generation PIs, whereas several new direct antiviral agents that can be used in IFN-free combinations are now available in some countries (42) . These new combinations are expected to give SVR rates of Ͼ90% in the real-life setting, but some failures associated with resistance will continue to occur, especially in cirrhotic patients. It will be then important to assess the relevance of UDPS to guide therapy in the most difficult-to-treat patients, including those with multiresistant viral strains.
In conclusion, the overall genetic diversity of NS3 assessed by the SE rather than the identification of resistant variants appears to impact the response to triple therapy with first generation PIs. Although these results need to be confirmed in larger series of patients, including those treated by the direct next-generation antiviral agents before implementation in clinical practice, they provide new insights into the relationships between viral diversity and risk of resistance. 
